The monoubiquitylation of histone H2B has been associated with transcription initiation and elongation, but its role in these processes is poorly understood. We report that H2B ubiquitylation is required for efficient reassembly of nucleosomes during RNA polymerase II (Pol II)-mediated transcription elongation in yeast. This role is carried out in cooperation with the histone chaperone Spt16, and in the absence of H2B ubiquitylation and functional Spt16, chromatin structure is not properly restored in the wake of elongating Pol II. Moreover, H2B ubiquitylation and Spt16 play a role in each other's regulation. H2B ubiquitylation is required for the stable accumulation of Spt16 at the GAL1 coding region, and Spt16 regulates the formation of ubiquitylated H2B both globally and at the GAL1 gene. These data provide a mechanism linking H2B ubiquitylation to Spt16 in the regulation of nucleosome dynamics during transcription elongation.
INTRODUCTION
A number of lysine modifications, including acetylation, methylation, and ubiquitylation, are placed on histones in defined patterns as RNA polymerase II (Pol II) traverses gene-coding regions (Kouzarides, 2007; Li et al., 2007a) . In each case, the modification machinery associates with the elongating form of Pol II, and with the PAF complex mediating several of these interactions (Krogan et al., 2003; Li et al., 2003; Ng et al., 2003; Squazzo et al., 2002; Wood et al., 2003b; Xiao et al., 2005; Zhu et al., 2005a Zhu et al., , 2005b . Though the cotranscriptional modification of histones has been linked to transcription elongation, the functions of modified histones in this process are poorly understood. One of the hallmarks of transcription elongation is the change in nucleosome stability that occurs during the passage of Pol II: nucleosomes are evicted in front of transcribing Pol II and rapidly reassembled in its wake (Bernstein et al., 2004; Dion et al., 2007; Lee et al., 2004; Schwabish and Struhl, 2004) . Eviction allows Pol II to transcribe efficiently, and reassembly prevents the use of cryptic transcription initiation sites in gene coding regions. Recent studies have implicated several histone modifications in the nucleosome dynamics that accompany transcription elongation. Acetylation of H3 on lysines 9 and 14 by the Gcn5 histone acetyltransferase has been connected to nucleosome eviction, and methylation of H3 on lysine 36 by the Set2 methyltransferase has a role in nucleosome reassembly (Carrozza et al., 2005; Govind et al., 2007; Joshi and Struhl, 2005; Li et al., 2007b) . This raises the question of whether other histone modifications also regulate nucleosome stability. One such modification is the monoubiquitylation of the H2B C terminus (H2BK123ub1), which is associated with active transcription both in yeast and humans (Osley, 2006) . H2B is transiently ubiquitylated at the coding region of several highly expressed yeast genes though the activities of the ubiquitin-conjugating enzyme Rad6 and the ubiquitin ligase Bre1, which are tethered to elongating Pol II via PAF (Henry et al., 2003; Hwang et al., 2003; Kao et al., 2004; Robzyk et al., 2000; Wood et al., 2003a; Xiao et al., 2005) . In the absence of this modification, transcription of several inducible genes is reduced, and cells become sensitive to 6-azauracil, exhibiting slow growth or lethal phenotypes when combined with mutations in gene-encoding transcription elongation factors (Xiao et al., 2003) . These latter data implicate H2BK123ub1 in transcription elongation, although they do not indicate how this modification functions during this process.
During transcription elongation, nucleosome dynamics are also regulated by the activity of histone-binding chaperones, which include Asf1, Spt6, and Spt16 (Belotserkovskaya et al., 2003; Kaplan et al., 2003; Mason and Struhl, 2003; Schwabish and Struhl, 2006) . These chaperones tether specific histones during nucleosome eviction or promote histone deposition after the passage of transcribing Pol II. Like several histone-modifying enzymes, the histone chaperones also track with elongating Pol II and have been implicated in control of the elongation process (Belotserkovskaya et al., 2003; Endoh et al., 2004; Hartzog et al., 1998; Kaplan et al., 2000; Mason and Struhl, 2003; Saunders et al., 2003; Schwabish and Struhl, 2006) . This raises the possibility that specific combinations of histone modifications and histone chaperones cooperate to regulate nucleosome dynamics during transcription elongation. A functional interaction between H2BK123ub1 and the histone chaperone Spt16 was recently described during transcription elongation in vitro. Spt16 is a subunit of the evolutionarily conserved FACT complex, which stimulates transcription elongation on nucleosomal templates both in vitro and in vivo (Belotserkovskaya et al., 2003; Formosa et al., 2001; Mason and Struhl, 2003; Orphanides et al., 1999; Wittmeyer et al., 1999) . H2BK123ub1 was found to cooperate with human FACT to promote efficient Pol II elongation on a reconstituted chromatin-transcription template (Pavri et al., 2006) . Although FACT promotes disassembly of H2A-H2B dimers in vitro, and Spt16 is postulated to regulate nucleosome reassembly during transcription elongation in vivo, the possible interplay between Spt16 and H2BK123ub1 in the control of nucleosome dynamics was not investigated (Belotserkovskaya et al., 2003; Kaplan et al., 2003; Schwabish and Struhl, 2004) . We asked if H2BK123ub1 and yeast Spt16 also interact during transcription elongation in vivo, and if these two factors affect nucleosome stability during Pol II transcription. We found that H2BK123ub1 and Spt16 regulate histone deposition at the GAL1 gene in the wake of elongating Pol II and suppress cryptic transcription initiation sites in selected gene-coding regions. In addition, these factors influence the kinetic properties of elongating Pol II. Collectively, the data support a role for H2BK123ub1 and Spt16 in the restoration of chromatin structure during the transcription elongation process to promote accurate and efficient Pol II transcription.
RESULTS

H2BK123ub1 Affects GAL-Regulated Transcription Independently of Its Regulation of H3 Methylation
H2BK123ub1 mediates a transhistone regulatory pathway leading to di-and trimethylation of lysines 4 and 79 of H3 (Dover et al., 2002; Shahbazian et al., 2005; Sun and Allis, 2002) . Because both methylation marks have also been associated with active transcription, we asked if the transcriptional phenotypes associated with the absence of H2B ubiquitylation resulted from the failure to methylate these H3 residues Pokholok et al., 2005; Santos-Rosa et al., 2002; Schneider et al., 2004) . By comparing the phenotypes of htb-K123R to hht-K4A or hhtK79A mutants, which have lost all forms of methylation (mono, di, tri) on lysine 4 or 79, we conclude this is not necessarily the case. First, an htb-K123R mutant, but not an hht-K4A mutant, exhibits sensitivity to 6-azauracil (6-AU), a drug that causes transcription elongation stress . Second, genome-wide transcription studies have revealed little overlap in the gene expression profiles among htb-K123R, hht-K4A, and hht-K79A strains (Mutiu et al., 2007; C.F.K. and M.A.O., unpublished data) . A similar conclusion was also reached upon analysis of global gene expression patterns in mutants defective for H2B ubiquitylation or H3K4 methylation in the fission yeast S. pombe (Tanny et al., 2007) . Third, we noted differences between htb-K123R and hht-K4A strains in induction of the GAL-regulated YLR454w gene. GAL-YLR454w transcripts accumulated more slowly and to lower levels in htb-K123R and more rapidly and to higher levels in hht-K4A compared with wild-type ( Figure 1A ). Pol II occupancy followed a similar pattern, supporting the view that H2BK123ub1 has a role in transcription that is independent of its role in controlling H3K4 methylation (Figure 1B) . Finally, endogenous GAL1 mRNA levels were unaffected by an hht-K79A mutation, and GAL1 transcripts accumulated to higher levels than wild-type in an hht-K4A hht-K79A double mutant (see Figure S1 available online). Thus, H2BK123ub1 has specific functions in GAL-regulated transcription that are independent of its regulation of H3 methylation.
Effect of H2BK123ub1 on Histone Occupancy at GAL1 During Pol II transcription, nucleosomes are removed in front of elongating Pol II and rapidly reassembled in its wake (Schwabish and Struhl, 2004) . We considered the possibility that H2BK123ub1 plays a role in nucleosome dynamics during transcription elongation because the ubiquitin mark is also dynamically regulated, such that it is formed and then turned over along the GAL1 open reading frame (ORF) . Moreover, the discovery that H2B ubiquitylation and the histone chaperone Spt16 promote efficient Pol II elongation on a chromatin template in vitro raised the possibility that these factors cooperate to control nucleosome eviction in front of elongating Pol II (Pavri et al., 2006) . However, in vivo Spt16 regulates nucleosome reassembly in the wake of transcribing Pol II, suggesting that H2BK123ub1 might also act with Spt16 in this aspect of nucleosome dynamics (Mason and Struhl, 2003) .
To investigate if H2BK123ub1 affects either nucleosome eviction or reassembly during transcription in vivo and if it interacts with Spt16 in this regard, we analyzed the phenotypes of singleand double-htb-K123R and spt16 mutants. The double mutant was viable but grew more slowly than either parent strain at the permissive temperature for spt16. To examine the effects of the mutations on nucleosome stability during transcription, wild-type and mutant strains were induced with galactose and shifted to 37 to inactivate the essential Spt16 protein, and histone occupancy was measured across the GAL1 gene by ChIP (Figure 2A) . A genome-wide analysis found that transcription rate inversely correlated with histone occupancy, with highly transcribed yeast genes having lower levels of histones than poorly transcribed genes (Bernstein et al., 2004; Dion et al., 2007) . Mutations that affected histone eviction led to higher levels of histones in gene-coding regions, whereas those that altered histone deposition resulted in low levels of both Pol II and histones (Govind et al., 2007; Struhl, 2004, 2006) . We expected that if H2BK123ub1 were required for eviction of histones, then higher levels of H2B or H3 would be present at the GAL1 ORF in htb-K123R relative to wild-type. However, in the absence of H2BK123ub1, H2B occupancy was similar to wild-type, whereas H3 occupancy was reproducibly, but not significantly, higher ( Figure 2A ). Thus, during transcription elongation at GAL1, H2BK123ub1 is dispensable for eviction of histones that constitute both the H2A-H2B dimer and H3-H4 tetramer. Similar results were obtained when histone occupancy was measured at the GAL1 promoter (Figure 2A ), indicating that H2BK123ub1 is also not required for histone eviction during transcription initiation; however, in this study, we focus on the role of H2B ubiquitylation in nucleosome dynamics during transcription elongation. In spt16, GAL1 histone levels were also similar to wild-type (Figure 2A ), consistent with a previous report that Spt16 does not regulate nucleosome eviction at the GAL1 ORF (Schwabish and Struhl, 2004) . However, the levels of H2B and H3 were significantly lower at the ORF in the spt16 htb-K123R double mutant compared with each single mutant ( Figure 2A ). In contrast, there was no further reduction in histone levels at the GAL1 promoter in the double mutant. Moreover, all of the effects on histone occupancy were observed only when the GAL1 gene was induced with galactose; under conditions of glucose repression, the levels of H2B and H3 at the ORF were not significantly different between the wild-type and mutant strains ( Figure S2 ). Together, the data suggest that H2BK123ub1 and Spt16 functionally interact during transcription elongation at GAL1 to control the levels of histones associated with this gene. As shown here, this interaction regulates nucleosome reassembly in the wake of elongating Pol II.
H2BK123ub1 and Spt16 Functionally Interact to Repress Cryptic Transcription Initiation
When histone and Pol II occupancies were compared at the GAL1 ORF, we noted that the inverse histone-Pol II relationship was lost in htb1-K123R and spt16, with low levels of H2B and H3 associated with low levels of Pol II (Figures 2A and 2B ). This phenotype was consistent with the reported defect in nucleosome reassembly in spt16, and suggested that H2BK123ub1 could be required for histone deposition in the wake of elongating Pol II (Schwabish and Struhl, 2004) . Moreover, because even lower levels of histones were present at GAL1 in the htb-K123R spt16 double mutant, H2BK123ub1 and Spt16 could functionally interact to control histone deposition. To address this possibility, we analyzed the pattern of mRNA production or Pol II occupancy at several genes that contain cryptic transcription initiation sites in their coding regions. These sites are normally occluded by nucleosomes and not recognized by the Pol II initiation machinery. However, when nucleosome reassembly is defective, the sites can be revealed and Pol II will initiate transcription, leading to increased Pol II occupancy in the 3 0 coding region and elevated production of 3 0 transcripts. We examined the levels of internal transcripts from four genes that harbor cryptic initiation sites (Kaplan et al., 2003) . In htb-K123R, increased levels of 3 0 transcripts were detected at two of three genes examined in cells grown at 30 ( Figure 3A ). Although not as dramatic, this effect was similar to that observed in strains that lack H3K36 methylation (Figure 3A) , which has been linked to the prevention of cryptic transcription (Carrozza et al., 2005; Joshi and Struhl, 2005; Li et al., 2007b) . In support of the RNA data, Pol II occupancy was Wild-type, htb-K123R, spt16, and spt16 htb-K123R cells were grown at 30 in YP + 2% raffinose for 2 hr, shifted to YP + 2% galactose for 2 hr, followed by an additional 1 hr at 37 .
(A) Histone occupancy at the GAL1 promoter and 5 0 ORF.
(B) Pol II occupancy at the GAL1 promoter, 5 0 and 3 0 ORF. Pol II occupancy was normalized to wild-type, and histone occupancy was normalized to the ORF-free region, INT-V. The results represent the means from three to four independent experiments, with bars depicting SEM. Asterisks indicate a statistically significant difference between the double and single mutants as determined by Student's t test (p < 0.05).
increased at the 3 0 end of the galactose-activated GAL-YLR454w ORF ( Figure 3B ). Together, the results indicate that H2BK123ub1 prevents the utilization of internal initiation sites at a subset of yeast genes, supporting a role for this histone modification in the regulation of nucleosome reassembly.
Next, we monitored internal transcription at these same genes plus the STE11 gene after strains were grown for 1 hr at 37 to inactivate Spt16 ( Figure 3C and Figure S3 ). In spt16, 3 0 transcript levels were elevated at all four genes, consistent with a broad role for Spt16 in nucleosome reassembly (Kaplan et al., 2003) . Cryptic transcripts were also produced from YLR454w, FLO8, and VPS72 in htb-K123R, although their levels were consistently lower than those in spt16 ( Figure 3C ). In the spt16 htb-K123R double mutant the levels of 3 0 transcripts from three genes (YLR454w, FLO8, STE11) were significantly elevated, suggesting that H2B ubiquitylation and Spt16 functionally interact to reassemble histones during transcription elongation, again at a subset of genes ( Figure 3C and Figure S3 ).
Chromatin Structure Is Altered in the Absence of H2BK123ub1 and Spt16
Our findings suggested that H2BK123ub1 and Spt16 cooperate to restore normal chromatin structure in the wake of elongating Pol II, and in their absence, chromatin will be disrupted. To address this possibility, we examined the micrococcal nuclease (MNase) sensitivity of chromatin extracted from wild-type, htb-K123R, spt16, and spt16 htb-K123R cells grown in glucose for 1 hr at 37 (Figure 4 ). The MNase patterns revealed that the nucleosomal ladder of bulk chromatin was slightly less pronounced in spt16 compared with chromatin from wild-type or htb-K123R, with the ladder becoming more disrupted in the spt16 htb-K123R double mutant. These effects were more apparent when we examined the MNase sensitivity of two genes (FLO8 and STE11) that exhibited enhanced cryptic transcription in the absence of both Spt16 and H2BK123ub1. At each gene, the absence of H2BK123ub1 further disrupted the significant loss of the nucleosome ladder seen in spt16. To determine if this effect was related to transcription, we also investigated the MNase accessibility of a transcriptionally silent locus, HMLa, whose expression was not derepressed in any of the mutant strains (data not shown). Overall, the nucleosome ladder at HMLa was similar among the four strains, although chromatin from spt16 exhibited an increased sensitivity to MNase that resulted in the recovery of less DNA. However, this increased sensitivity was not further enhanced by the additional loss of H2BK123ub1. This suggests that Spt16, independent of H2BK123ub1, which is not enriched at HMLa (Kao et al., 2004) , could play a role in establishing or maintaining HMLa chromatin structure. Together, the data support the view that H2B ubiquitylation and Spt16 combine to maintain chromatin structure primarily at transcriptionally active genes.
H2BK123ub1 and Spt16 Regulate the Rate of Histone Deposition
To directly test the hypothesis that H2BK123ub1 and Spt16 regulate nucleosome reassembly during transcription elongation, we measured the kinetics of histone deposition at two positions on the GAL1 ORF following a galactose-to-glucose shift at 37 ( Figure 5 ). Glucose represses GAL1 transcription, and this assay measures the rate of histone deposition during the last wave of Pol II transcription that occurs after initiation has been blocked. In wild-type cells, H2B and H3 deposition was complete by 16 min after glucose addition. However, in htb-K123R, the deposition of both histones occurred more slowly and was not complete until 30 min. In this strain, the final levels of restored histones were similar to those in wild-type cells, although less H2B was deposited at the 3 0 end of the coding region, suggesting a more important role for H2BK123ub1 in assembly of the H2A-H2B dimer. These findings provide direct evidence that H2BK123ub1 regulates the rate of nucleosome reassembly during transcription elongation.
The deposition of H2B and H3 was severely compromised in spt16, consistent with the enhanced internal initiation phenotype of this mutant. However, measurement of histone deposition in the htb-K123R spt16 double mutant yielded a surprising result. In this strain, the rate of histone deposition was intermediate between the patterns found in htb-K123R and spt16 single mutants, indicating that the defect in nucleosome reassembly in spt16 could be partially suppressed by the absence of H2BK123ub1. As shown in Figure 2A , H2B and H3 occupancy at GAL1 under conditions of steady-state transcription was significantly lower in the htb-K123R spt16 double mutant compared with each single mutant. Thus, although the rate of histone deposition was increased in the double mutant compared with spt16, this suggests that chromatin reassembled in the absence of both H2BK123ub1 and Spt16 is inherently unstable or functionally aberrant, a conclusion supported by the enhanced accessibility of spt16 htb-K123R chromatin to MNase digestion (Figure 4) . Collectively, the data support a role for H2BK123ub1 in the histone chaperone activity of Spt16, and implicate both factors in the maintenance of chromatin structure during transcription elongation at GAL1.
H2BK123ub1 and Spt16 Regulate the Properties of Elongating Pol II
We next asked if the nucleosome reassembly defects in htb-K123R and spt16 single and double mutants affected Pol II elongation rate or processivity. The rate of Pol II elongation was measured in the same samples used to follow histone deposition, and the data represent the release of Pol II from the GAL1 ORF, again during the last wave of Pol II transcription ( Figure 6A ). The results suggest that Pol II was released from the 5 0 ORF slightly more slowly in htb-K123R and spt16 single mutants than in wild-type, indicative of a possible defect in the rate of Pol II elongation. However, an unexpected phenotype again occurred in the htb-K123R spt16 double mutant. In this strain, Pol II was released from the GAL1 template significantly faster than in wild-type, an effect that was more pronounced at the 5 0 end of the coding region ( Figure S4A ). This effect could be due to either decreased stability of Pol II or increased Pol II elongation rate. We favor the latter mechanism based on measurement of Pol II occupancy across the GAL1 ORF in the mutant strains under conditions of galactose activation ( Figure 6B ). In htb-K123R or spt16, less Pol II was present at the 3 0 ORF relative to the 5 0 ORF, indicative of a processivity defect. This is consistent with a slightly decreased rate of Pol II elongation, which leads to a higher probability that Pol II will fall off the template. Nonetheless, fulllength GAL1 transcripts were still produced ( Figure S4B ), perhaps due to a cellular quality-control system that removes nonfunctional, truncated mRNAs (Wyers et al., 2005 ). In contrast, the level of Pol II increased at the GAL1 3 0 ORF in the htb-K123R spt16 double mutant. Because the GAL1 gene does not harbor an intenal transcription initiation site, we attribute this latter phenotype to an increased rate of Pol II elongation as the result of a more ''open'' chromatin structure in this strain. Although the data support this mechanism, we cannot eliminate other, more complex explanations for the Pol II phenotype in the double mutant.
Regulatory Interplay between Spt16 and H2BK123ub1
In a reconstituted chromatin-transcription system, the monoubiquitylation of H2B depended on the Spt16-containing FACT complex, and H2B ubiquitylation, in turn, facilitated the activity of FACT to stimulate transcription elongation (Pavri et al., 2006) . To test if this regulatory interplay also occurs in vivo, we first examined the effect of spt16 on the global levels of H2BK123ub1. Upon Spt16 inactivation, H2BK123ub1 levels were reduced 5-fold, whereas the amount of unmodified H2B was only modestly decreased ( Figure 7A) . A chromatin double-immunoprecipitation assay was then used to monitor the accumulation of H2BK123ub1 at the GAL1 ORF after galactose induction at 37 ( Figure 7B ). In wild-type cells, H2BK123ub1 accumulated transiently at the GAL1 5 0 and 3 0 ORF, as previously reported (Kao et al., 2004; Xiao et al., 2005) . In spt16, H2BK123ub1 levels were significantly reduced across the coding region. Spt16 was also found to be required for accumulation of H2BK123ub1 at the ORFs of three constitutively transcribed genes ( Figure S5) . Collectively, the data indicate that Spt16 plays a role in establishing H2B ubiquitylation levels at a subset of yeast genes.
Next, we determined if H2BK123ub1 regulated the properties of Spt16. Spt16 is recruited to gene coding regions in vivo with the same pattern as elongating Pol II (Mason and Struhl, 2003) . We examined the role of H2BK123ub1 in Spt16 recruitment by measuring the kinetics of Spt16 association with GAL1 in wild-type and htb-K123R after galactose induction at 37 ( Figure 7C ). Spt16 stably accumulated across the GAL1 ORF in wild-type but was not present at the promoter (data not shown). Spt16 was recruited to the GAL1 ORF with the same kinetics in htb-K123R, and it accumulated to higher levels at the 3 0 end of the ORF before and after galactose induction ( Figure S6 ). However, in this mutant, Spt16 accumulated for only 60 min before its levels declined ( Figure 7C and Figure S6 ). This indicates that H2BK123ub1 is dispensable for the initial recruitment of Spt16, but is required for Spt16 to stably associate with the coding region. The htb-K123R mutation also reduced the amount of Spt16 associated with the ORFs of three constitutive genes ( Figure S5 ). This was not due to an effect on SPT16 mRNA or protein levels, neither of which decreased in the absence of H2BK123ub1 (data not shown). Thus, the data indicate that in vivo, H2BK123ub1 regulates the stability of Spt16 at genecoding regions, and Spt16 in turn regulates the level of H2B ubiquitylation.
DISCUSSION
The findings in this study suggest that H2B ubiquitylation plays several roles during transcription elongation in vivo. First, H2BK123ub1 regulates nucleosome reassembly at the GAL1 gene in the wake of elongating Pol II. Second, H2BK123ub1 functionally interacts with the histone chaperone Spt16 to restore proper chromatin structure during transcription elongation and prevent the utilization of cryptic transcription initiation sites. Third, a regulatory interplay was uncovered between H2B ubiquitylation and Spt16, with H2BK123ub1 leading to stable accumulation of Spt16 at the GAL1 ORF, and Spt16 promoting H2B ubiquitylation. Together, these results have defined additional functions for H2B ubiquitylation and Spt16 during activated transcription.
H2B Ubiquitylation and Spt16 Regulate Nucleosome
Reassembly Coupled to Elongating Pol II to Restore Proper Chromatin Structure Nucleosome eviction and reassembly are integral features of Pol II transcription elongation, but how they are signaled during the Wild-type, htb-K123R, spt16, and spt16 htb-K123R cells were grown at 30 in YP + 2% raffinose for 2 hr, shifted to YP + 2% galactose for 2 hr, followed by an additional 1 hr at 37 . Glucose was added to 2%, and H2B or H3 occupancy was measured at the GAL1 5 0 and 3 0 ORF. Occupancies were normalized to the levels present in galactose-induced cells (set as 1.0 for each strain). The results represent the average of three to four independent experiments, with bars depicting SEM.
elongation process is just beginning to be revealed. Some of these signals involve particular histone modifications that are also regulated by the passage of Pol II, and they include H3/ H4 acetylation and H3 methylation. Acetylation of H3 was recently shown to regulate eviction of the H3/H4 tetramer, and H3K36 methylation has emerged as a key signal for nucleosome reassembly through its recruitment of the Rpd3S histone deacetylase complex (Carrozza et al., 2005; Govind et al., 2007; Joshi and Struhl, 2005; Li et al., 2007b) . Our research suggests that H2B ubiquitylation is also linked to histone deposition during Pol II transcription elongation, with this modification regulating the kinetics of nucleosome reassembly at GAL1.
Although H3K36 methylation and H2BK123ub1 are both connected to nucleosome reassembly, these two modifications are likely to signal different reassembly pathways. First, we have shown that H2BK123ub1 functionally interacts with the histone chaperone Spt16 to restore proper chromatin structure during Pol II elongation, whereas H3K36 methylation has been reported to act in conjunction with another histone chaperone, Spt6 (Carrozza et al., 2005) . Second, the internal transcription initiation defect that occurs in the absence of H3K36 methylation is more pronounced and involves more genes than the defect associated with the absence of H2BK123ub1 (Carrozza et al., 2005; Li et al., 2007b) . The reassembly pathway controlled by H3K36me functions predominantly at long genes that are infrequently transcribed (Li et al., 2007b) . Though the spectrum of genes subject to the H2BK123ub1/Spt16 reassembly pathway is not known, the H2B modification is present across the coding region of highly transcribed genes in yeast and humans (Minsky et al., 2008 ; and C.F.K., M.A.O., and S.B., unpublished data), and Spt16 has been reported to function at genes with strongly positioned nucleosomes (JimenoGonzalez et al., 2006) . Together, the data suggest that H2B ubiquitylation, along with Spt16, regulates nucleosome reassembly at a subset of genes that might have a distinctive chromatin structure.
The findings also indicate that the role of H2BK123ub1 and Spt16 in nucleosome reassembly is to restore proper chromatin structure in the wake of elongating Pol II. This conclusion is supported by the phenotypes associated with the absence of both factors. First, there was an enhanced disruption of chromatin at genes where H2BK123ub1 and Spt16 cooperatively repress cryptic transcription initiation. Second, Pol II elongation rate was apparently accelerated at GAL1 in the double mutant, suggestive of the presence of a more ''open'' chromatin template. Although the data cannot entirely eliminate a role for Spt16 and H2BK123ub1 in transcription-independent chromatin stability, these factors appear to affect chromatin structure primarily through transcription-coupled effects.
Regulatory Interplay between H2B Ubiquitylation and Spt16
In addition to functional interactions, a regulatory interplay occurs between H2BK123ub1 and Spt16, with Spt16 promoting H2B ubiquitylation and H2BK123ub1 stabilizing Spt16 at ORFs. H2B ubiquitylation is controlled by several factors that localize the Rad6/Bre1 enzymatic machinery to gene-coding regions. A key factor in this localization is PAF, which tethers Rad6/Bre1 to elongating Pol II through its own association with polymerase (Krogan et al., 2002 (Krogan et al., , 2003 Laribee et al., 2005; Wood et al., 2003b; Xiao et al., 2005) . As the spt16 mutation does not alter the transcription of genes known to regulate H2B ubiquitylation (unpublished observations), PAF recruitment or stability is also a likely mechanism for the role of Spt16 in establishing H2BK123ub1 levels. This would also be consistent with the reported physical interaction between Spt16 and PAF (Krogan et al., 2002; Pavri et al., 2006; Squazzo et al., 2002) . Alternatively, the role of Spt16 could be indirect: in the absence of Spt16, Pol II accumulates slowly in the GAL1 coding region because transcription initiation is inhibited (Mason and Struhl, 2003) . Thus, the levels of H2BK123ub1, which are coupled to Pol II, would correspondingly be reduced.
In the absence of H2BK123ub1, Spt16 was recruited to the GAL1 coding region with normal kinetics but did not stably accumulate there ( Figure 7C ). This suggests that chromatin assembled in the absence of H2BK123ub1 leads to the eventual dissociation of Spt16. How could H2B ubiqitylation stabilize Spt16 accumulation? It might alter chromatin structure to enhance Spt16 interaction with other components of the nucleosome, or the ubiquitin moiety itself might directly interact with Spt16 (Duina et al., 2007; VanDemark et al., 2008) . Regardless of mechanism, the lowering of Spt16 levels in gene-coding regions might partially account for the presence of internally initiated transcripts in htb-K123R. The Spt16-containing FACT complex is also involved in the mechanism by which H2A ubiquitylation represses Pol II transcription in human cells, where the presence of the H2A modification blocks recruitment of FACT to a subset of chemokine genes (Zhou et al., 2008) . Thus, FACT might integrate signals from both H2A and H2B ubiquitylation.
We interpret the combined regulatory and functional interactions between H2BK123ub1 and Spt16 in the context of transcription elongation at GAL1 ( Figure S7 ). Upon association of the H2B ubiquitylation machinery with elongating Pol II, the machinery travels with Pol II throughout the coding region along with Ubp8, a protease that deubiquitylates H2B (Wyce et al., 2007; Xiao et al., 2005) . Together, the two sets of factors promote the transient formation of H2BK123ub1 along the ORF. Spt16 also associates with the ORF and tracks with Pol II, perhaps through its association with PAF. The presence of H2BK123ub1 in chromatin maintains high levels of Spt16, and in turn, high levels of Spt16 promote full levels of H2B ubiquitylation. We propose that this relationship represents a positive feedback loop that contributes to the timely and efficient deposition of nucleosomes as Pol II elongates.
Other chromatin assembly factors have also been reported to regulate nucleosome reassembly at the GAL1 ORF, notably Asf1, which plays a role in H3-H4 deposition Schwabish and Struhl, 2006) . However, the more severe defect in histone deposition in spt16 suggests that Spt16 plays a major role in this process at GAL1. What, then, is the role of H2B ubiquitylation in nucleosome reassembly and how is this role coupled to the Spt16 pathway? H2BK123ub1 could in principle activate another reassembly pathway, such as one regulated by Asf1. However, we favor the model that H2BK123ub1 regulates nucleosome reassembly at GAL1 primarily by promoting the Spt16 deposition pathway, and that it has both positive and negative roles in this process. H2BK123ub1's positive role would be to stabilize Spt16 association with the GAL1 ORF, while its negative role would be to block other nucleosome assembly pathways from operating. This model could account for the phenotypes of both the htb-K123R single mutant and htb-K123R spt16 double mutant. Histone deposition would occur more slowly in the absence of H2BK123ub1, not only because H2B ubiquitylation normally stabilizes Spt16 association with the ORF, but through the derepression of alternate and less Pol II occupancy in the wild-type strain. The asterisk represents a statistically significant difference between spt16 htb-K123R and spt16 (p < 0.05). There was no significant difference between wild-type and spt16 htb-K123R.
efficient reassembly factors that compete with Spt16. When both Spt16 and H2BK123ub1 are absent, these derepressed reassembly pathways partially compensate for the absence of Spt16 to deposit histones but are unable to assemble stable chromatin structure, leading to decreased histone occupancy at GAL1 and enhanced internal transcription initiation at other genes. In this model, H2B ubiquitylation provides specificity to the nucleosome reassembly process at GAL1 by ensuring that chromatin structure is restored by the dominant histone deposition factor, Spt16. The linkage of histone ubiquitylation, methylation, and acetylation to nucleosome reassembly raises fundamental questions about the origins of reassembled nucleosomes: Are these nucleosomes formed from a pool of evicted and modified histones or from a de novo pool of unmodified (or premodified) histones? Both the ubiquitylation and acetylation marks are formed and then turned over during transcription elongation (Henry et al., 2003; Li et al., 2007a; Xiao et al., 2005) . The turnover of H2BK123ub1 is dependent on the Ubp8 ubiquitin protease, which also associates with elongating Pol II (Wyce et al., 2007) . Thus, if H2B deposited in the wake of transcribing Pol II is already modified with ubiquitin, then Ubp8 might remove the mark once H2BK123ub1 is assembled into a nucleosome ( Figure S7 ). The presence of the ubiquitin modification on evicted H2B would promote histone deposition, while the subsequent removal of ubiquitin might signal that nucleosome reassembly has been completed. raffinose for 1.5 hr and transferred to 37 for 30 min; galactose was then added to 2%, and cells were kept at 37 . H2BK123ub1 levels were measured by sequential ChIP. The data represent the average of two independent experiments. (C) Spt16 ChIP was performed on the samples described in (B). The data represent the means from two to three independent experiments, with bars depicting SEM.
EXPERIMENTAL PROCEDURES
Strains and Growth Conditions S. cerevisiae strains were in the W303 background (Table S1 ). Quadruple histone knockout strains were obtained from David Allis and M. Mitchell Smith. Strains were grown at 30 , except for those containing the temperature-sensitive spt16-197 mutation, which were shifted from 30 to 37 for 1 hr to inactivate Spt16.
Chromatin Immunoprecipitation Analysis
ChIP was performed as described (Henry et al., 2003; Kao et al., 2004; Xiao et al., 2005) using the following antibodies: Pol II (8WG16; Covance, Inc., Princeton, NJ), H3 (ab1791; Abcam, Cambridge, England), Flag (M2-F3165; Sigma-Aldrich, St. Louis, MO), HA (12CA5; Invitrogen, Carlsbad, CA), and Spt16 (generous gift of T. Formosa). With the exception of Pol II antibody, antibodies were prebound to protein A or protein G sepharose beads. DNAs were analyzed by real-time quantitative PCR (qPCR) using a SYBR Green Master Mix (ABI, Foster City, CA) and ABI 9700 PCR machine. The IP/input ratio for GAL1 sequences was normalized to the IP/ input ratio of TEL-V (Pol II, Spt16, H2BK123ub1) or INT-V (H2B, H3) sequences as described previously .
RT-qPCR and Protein Analyses
For RT-qPCR analysis, RNA was was extracted from cells by the hot phenol method , treated with DNase I (Promega, Fitchburg, WI), and used to generate cDNA with a poly(dT) primer and SuperScript III Reverse Transcriptase kit (Invitrogen). PCR reactions were performed in triplicate using a SYBR Green Master Mix (ABI) and ABI 9700 PCR machine.
Protein lysates were prepared using a urea-SDS lysis buffer (Gardner et al., 2005) . Lysates (0.125-0.25 OD 600 ) were electrophoresed on 15% acrylamideTris HCl gels (Bio-Rad, Hercules, CA), and proteins were transferred to an Immobilon filter (Millipore; Billerica, MA). The filters were hybridized with H3 (ab1791; Abcam), Flag (M2-F3165; Sigma-Aldrich), or G6PDH (A9521; Sigma-Aldrich) antibodies, and developed with Immun-Star chemiluminescence reagent (Bio-Rad).
MNase Analysis
One liter of cells was grown in YPD at 30 to OD 600 of 0.8, shifted to prewarmed YPD, and incubated for 1 hr at 37 . Nuclei were isolated and aliquots were digested with MNase (Worthington Biochemical Corp., Lakewood, NJ) as described (Tsukuda et al., 2005) . Extracted DNA was separated on 1.2% agarose gels in TBE buffer and transferred to a GeneScreen filter (Millipore). Filters were sequentially probed with random-primed fragments corresponding to the 3 0 coding region of the FLO8 or STE11 gene and the Ya region of the HMLa locus.
SUPPLEMENTAL DATA
The Supplemental Data include seven figures and one table and are available at http://www.molecule.org/cgi/content/full/31/1/57/DC1/.
